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Abstract
Background: Human actions have altered natural ecosystems worldwide. Among the many pollutants released to
the environment, ionizing radiation can cause severe damage at different molecular and functional levels. The
accident in the Chernobyl Nuclear Power Plant (1986) caused the largest release of ionizing radiation to the
environment in human history. Here, we examined the impact of the current exposure to ionizing radiation on
blood physiology biomarkers of adult males of the Eastern tree frog (Hyla orientalis) inhabiting within and outside
the Chernobyl Exclusion Zone. We measured the levels of eight blood parameters (sodium, potassium, chloride,
ionized calcium, total carbon dioxide, glucose, urea nitrogen, and anion gap), physiological markers of homeostasis,
as well as of liver and kidney function.
Results: Levels of blood physiology biomarkers did not vary in function of the current exposure of tree frogs to
ionizing radiation within the Chernobyl Exclusion Zone. Physiological blood levels were similar in frogs inhabiting
Chernobyl (both in areas with medium-high or low radiation) than in tree frogs living outside Chernobyl exposed
only to background radiation levels.
Conclusions: The observed lack of effects of current radiation levels on blood biomarkers can be a consequence of
the low levels of radiation currently experienced by Chernobyl tree frogs, but also to the fact that our sampling was
restricted to active breeding males, i.e. potentially healthy adult individuals. Despite the clear absence of effects of
current radiation levels on physiological blood parameters in tree frogs, more research covering different life stages
and ecological scenarios is still needed to clarify the impact of ionizing radiation on the physiology, ecology, and
dynamics of wildlife inhabiting radioactive-contaminated areas.
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Background
Recent human activity has caused abrupt environmental
change in the form of habitat destruction and fragmen-
tation, the spread of exotic species, or the severe alter-
ation of climatic conditions [1]. Human action may also
include the release of novel substances to the environ-
ment, with the potential to affect the behavior, life-
history, and/or physiology of organisms, which can have
important consequences on fitness [2]. The exposure to
pollutants, in particular, can induce many biochemical
and physiological alterations in wildlife [3, 4]. The mag-
nitude of such effects often depends on the nature and
concentration of the pollutant, the duration of the ex-
posure, and the ecology and evolutionary history of the
species [4, 5].
All organisms are constantly exposed to very low levels
of ionizing radiation, coming mostly from cosmic rays
and naturally occurring radioactive materials (i.e. back-
ground ionizing radiation [6];). However, human activity
has caused the accidental release of vast amounts of ioniz-
ing radiation to the environment, as on the accidents on
the nuclear power plants of Chernobyl (Ukraine, 1986)
and Fukushima (Japan, 2011). The acute exposure to ion-
izing radiation can induce severe health problems in verte-
brates. Ionizing radiation is known to damage organic
molecules, disrupt physiological processes such as the
redox status, and cause chronic inflammatory responses
or cell apoptosis [7–11]. Although the effects of an acute
exposure to ionizing radiation are clear, there is still in-
tense scientific debate about the mid- and long-term ef-
fects that the chronic exposure to radiation has in wildlife
living on radio-contaminated areas (e.g. [8, 12, 13]).
The accident at the Chernobyl Nuclear Power Plant,
on 26th April 1986, represents the largest release of ion-
izing radiation in human history. Radiation levels in
areas near the power plant increased up to one million
times after the accident [14]. As a consequence of the
accident, an exclusion zone of ca. 4700 km2 was created
in Ukraine and Belarus, and public access and inhabit-
ation were restricted. This situation provides a unique
scenario for the study of the ecological and evolutionary
consequences of the chronic exposure to ionizing radi-
ation in wildlife [13, 15]. The immediate effects of the
Chernobyl radioactive fallout in wildlife were severe [8,
14, 16]. However, more than three decades have passed
since the accident, and radiation levels in the area have
decreased several orders of magnitude [17]. Recent stud-
ies have reported the increase of mammal densities [18]
and the arrival to the Chernobyl area of species not
present at the time of the accident (brown bear [19],
European bison [20]). Other studies have even suggested
that chronic exposure to radiation may have favored
adaptive responses to cope with current radiation levels
(e.g. [21, 22]; but see [12]). On the other hand, exposure
to radiation has been still associated with negative effects
on the physiology of several animal species (insects [23]:;
birds [24, 25]; mammals [26]:). For example, radiation has
detrimental consequences for the redox status and for
DNA stability in the barn swallow Hirundo rustica [11, 27,
28]. However, these effects might be taxa-dependent, as
suggested by the lack of effects observed in the offspring
of grasshoppers exposed to radiation [29].
Amphibians are ideal subjects to study the effects of
ionizing radiation on vertebrates. The life cycle of am-
phibians is often biphasic, including stages in water (em-
bryonic and larval) and on land (juvenile and adult), so
individuals are exposed throughout their life to radiation
coming from aquatic and terrestrial sources. Even more
relevant, they have a reduced dispersal capacity and high
philopatry [30], allowing a precise evaluation of their ex-
posure to environmental radiation. Few studies have ex-
amined the effects of the exposure to ionizing radiation
in wild amphibians, and even fewer ones have tried to
understand its effect on their physiology [31]. Recent
studies on the Japanese tree frog (Hyla japonica) in
Fukushima have reported, for example, no effects of
dose rates on carotenoid levels in blood, liver, or vocal
sac, but a dose-dependent increase in DNA methylation
and mitochondrial DNA damage [32, 33]. The examin-
ation of blood physiology parameters has been exten-
sively used for determining human health (e.g. [34]), as
well as in wildlife exposed to differences sources of en-
vironmental stress (e.g. [35, 36]). The use of physio-
logical blood parameters in the evaluation of animal
health is supported by the link between electrolyte levels
and body homeostasis, and by the role that some of
these parameters have as indicators of liver and kidney
malfunction [37]. Alterations in blood electrolytes have
been reported in vertebrates exposed to ionizing radi-
ation under laboratory conditions (e.g. [38]) and are
common in cancer patients exposed to radiotherapy (e.g.
[39]). The development of portable point-of-care devices
has simplified the evaluation of blood electrolytes under
field conditions, and therefore has become a powerful
tool to determine the health of wildlife [40–42].
Here, we examined the impact of the current exposure
to ionizing radiation on blood physiology biomarkers of
amphibians. In amphibians, the maintenance of blood
electrolyte levels is key for body homeostasis and, more
specifically, for the correct function of kidney and liver,
as well as for skin health [35, 43, 44]. In this study, we
used a portable point-of-care device to quantify different
biochemical blood parameters [42] (see details below) in
adult males of the Eastern tree frog (Hyla orientalis)
inhabiting within and outside the Chernobyl Exclusion
Zone, Ukraine. In particular, we examined blood physi-
ology biomarkers in relation to the total dose rate of ra-
diation absorbed by each frog, an approach that allows
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to accurately address the effect of radiation at the indi-
vidual level [45]. We also compared physiological blood
levels of frogs inhabiting within Chernobyl (both in
medium-high- and low-radiation areas) and outside the
Chernobyl area, in order to examine the possible effects
that divergent historical and current exposure to radi-
ation might represent for amphibian health. Considering
previous studies on the physiological effects of ionizing
radiation on wildlife (e.g. [27, 28]), we hypothesized that
the chronic exposure to high radiation levels (i.e. indi-
viduals with higher dose rates) will negatively impact the
blood physiology of frogs. We also hypothesized that
frogs inhabiting within high radiation areas would ex-
perience imbalanced blood physiology compared to frogs
from low radiation and control areas in the Chernobyl
Exclusion Zone. However, the reduction in radiation
levels after three decades from the accident plus the
strong selection processes that likely have already oc-
curred within Chernobyl, may result in a lack of impact
of ionizing radiation on the biomarkers of blood physi-
ology of breeding frogs.
Results
All individuals survived from collection until they were
sacrificed for blood physiology assessments. Mean body
length (snout-to-vent length, SVL) of H. orientalis males
used in the study was 38.92 ± 0.49 mm, and mean body
mass 5.43 ± 0.16 g (see Supplementary Data). Activity of
radionuclides in H. orientalis male frogs collected within
Chernobyl Exclusion Zone ranged from 0 to 25.1 Bq/g
for 137Cs and from 0.2 to 248.9 Bq/g for 90Sr, and total
individual dose rates ranged from 0 to 36.28 μGy/h (see
Supplementary Data; Figure S1). Values for individuals
collected outside Chernobyl Exclusion Zone were always
below detection levels.
Current exposure levels to ionizing radiation (i.e. total
individual dose rates) of H. orientalis males inhabiting
within Chernobyl Exclusion Zone had no effect on the
levels of any of the physiological blood parameters ex-
amined (P > 0.078 in all cases; Table 1; Fig. 1). Body con-
dition index did not affect physiological parameters
(except for urea nitrogen, BUN, P = 0.048; Table 1). We
found no differences in the levels of any H. orientalis
blood parameter between male frogs inhabiting Cherno-
byl Exclusion Zone (neither high- or low- radiation
areas) and male tree frogs from Outside Chernobyl, ex-
posed only to background radiation levels (P > 0.06 in all
cases; Table 2; Fig. 2).
Discussion
Our study reveals that, more than thirty years after the
nuclear accident, radiation levels currently experienced
by breeding males of the Eastern tree frog (Hyla orienta-
lis) had no effect on several physiological blood
parameters, surrogates of individual health (i.e. body
homeostasis, liver and kidney damage, skin health). Fur-
thermore, frogs inhabiting within the Chernobyl Exclu-
sion Zone, both in high- and low-radiation areas, had
similar physiological blood levels than those from loca-
tions outside the Chernobyl area experiencing only back-
ground levels of radiation.
The immediate negative consequences for health of
the acute radiation levels generated by the Chernobyl ac-
cident have been broadly reported both in humans [46–
48] and wildlife (reviewed in [49] [8, 14, 16];). However,
current exposure to low or moderate radiation levels
seems to impair vertebrate physiology in a very variable
way, likely dependent on ecological and demographic
contexts, even within the same taxa. For example, while
some studies have reported negative effects of ionizing
radiation on parameters indicative of oxidative stress
levels and DNA damage in birds [27], other studies have
shown that exposure to radiation might be favoring
adaptive processes in some bird species inhabiting Cher-
nobyl [22]. Here, we found no relation between a very
accurate measure of individual exposure to radiation (i.e.
individual dose rate [45];) and levels of several physio-
logical blood parameters, which are widely used in clin-
ical and wildlife veterinary as markers of homeostasis,
and of kidney and liver damage [41, 50, 51], and affected
by ionizing radiation [38].
Values for the studied blood biomarkers were rather
similar to those reported in previous studies with am-
phibians in uncontaminated environments (e.g. [35, 52,
53]). Different factors can help to place this output into
context. First, due to radionuclide decay and the short
life of many of the released radionuclides (i.e. 131I),
current radiation levels represent ca. 10% of the levels at
the time of the accident [54], and may not be high
Table 1 Effects of total individual dose rate and body condition
index on physiological blood parameters of adult breeding
Eastern tree frog (Hyla orientalis) males inhabiting within the
Chernobyl Exclusion Zone. Abbreviations are: sodium (Na),
potassium (K), chloride (Cl), ionized calcium (iCa), total carbon
dioxide (TCO2), glucose (Glu), urea nitrogen (BUN), and anion
gap (AnGap)
Total individual dose rate Body condition index
Chi-sq Estimate P-value Chi-sq Estimate P-value
Na 0.57 −0.006 0.450 1.98 1.979 0.159
K 3.11 3.114 0.078 0.65 0.648 0.421
Cl 0.002 0.002 0.963 0.22 0.219 0.640
iCa 0.14 0.136 0.712 0.002 0.002 0.967
TCO2 0.83 0.835 0.361 0.02 0.021 0.883
Glu 2.95 2.947 0.086 0.92 0.922 0.337
BUN 0.0002 0.0002 0.987 3.91 3.906 0.048
AnGap 0.29 0.298 0.585 0.01 0.011 0.916
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enough as to cause the type of physiological imbal-
ances addressed by these biomarkers. Actually, al-
though frogs were collected in breeding areas located
across the current gradient of radioactive contamin-
ation for the species in Chernobyl, many of the exam-
ined individuals had dose rates lower than 10 μGy/h,
which is the dose rate below which negative effects
are not expected, based on international reference
values [55]. These reference values, however, should
be considered carefully, since they can be rather arbi-
trary (see e.g. [56]) and are often not based in field
assessments.
Another relevant point is that our study focused on
active males, calling at night in breeding ponds, which
would be considered on itself as an indication of good
health. On the contrary, if some individuals are affected
by radiation, they may shift energy investment from
reproduction to somatic maintenance, and thus go un-
noticed. Ionizing radiation is also known to affect organ-
isms more severely at early developmental stages (i.e.
embryos or young individuals; e.g. [57, 58]), therefore se-
lection driven by chronic radiation may have purged
already less resilient individuals. This can be particularly
important for species with complex life cycles like
Fig. 1 Regressions between total individual dose rates (in μGy/h) and levels of the examined physiological blood parameters in adult males of
the Eastern tree frog (Hyla orientalis) inhabiting within the Chernobyl Exclusion Zone. See text for parameter codes. Red bands represent 95%
confidence intervals. The dashed red line indicates the mean value of each parameter for control frogs, i.e. those from locations outside
Chernobyl (reference values for this study)
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amphibians, as their sensitiveness to radiation might be
different at pre-metamorphosis or adult stages [31]. Al-
ternatively, exposure to radiation during three decades
may have acted as a strong selective force, removing vul-
nerable individuals and favoring individuals more cap-
able to adjust their physiology in order to avoid costs of
radiation exposure, hence leading to a lack of variation
among areas in the examined blood parameters.
Conclusions
Current exposure to ionizing radiation does not to affect
levels of blood physiology biomarkers (used as proxies of
general physiological imbalance, or kidney and liver
damage) in Eastern tree frogs (Hyla orientalis) breeding
males inhabiting within and outside the Chernobyl Ex-
clusion Zone. However, more research including differ-
ent species, life stages, and eco-evolutionary scenarios is
needed for a better understanding of the effects that ion-
izing radiation has on wildlife physiology and specifically
on amphibians. Future studies should ideally also include
laboratory tests with low-dose radiation, as well as field
experiments, to disentangle the eco-evolutionary conse-
quences of radioactive contaminated environments.
Methods
The Eastern tree frog (Hyla orientalis) is a cryptic spe-
cies of the European tree frog (Hyla arborea) group that
inhabits eastern Europe, Anatolia, and the Caucasus
[59]. On May 2018, we collected 101 adult H. orientalis
males at eight locations in Northern Ukraine (Fig. 3,
Supplementary Material Table S1). Six of these locations
are within the Chernobyl Exclusion Zone (CEZ), three in
areas with medium-high radiation levels (range: 16–20-
1.50 μSv/h; thereafter CEZ-High) and three in areas with
low radiation (range: 0.27–0.10 μSv/h; thereafter CEZ-
Low; Supplementary Material Table S1). Two additional
locations are outside the Chernobyl Exclusion Zone (~
40 km East, Fig. 3), in areas that maintain background
radiation levels (i.e. ≤ 0.08 μSv/h; thereafter called Out-
side CEZ; Supplementary Material Table S1). We cap-
tured active calling frogs during the night from 9 PM to
12 PM. Temperature during the sampling nights were
very similar between areas (average: 14.6 ± 1.2 °C inside
Chernobyl; 14.2 ± 0.5 °C outside Chernobyl). All the col-
lected frogs appeared clinically healthy. Once captured,
frogs were transported to the laboratory, placed indi-
vidually in plastic boxes with 50mL of clean water, and
kept overnight at a temperature ranging between 19 and
21 °C. On the following morning, we measured body
length (snout-vent length, SVL), width, and height of
each frog to the nearest 1 mm with the help of a caliper,
and body mass on a balance to the nearest 0.01 g. These
morphometric measurements were used to estimate in-
dividual dose rates and body condition (see below).
Blood physiology
We examined blood physiology of frogs using the VetScan
i-STAT portable clinical analyzer for point-of-care blood
testing, and i-STAT CHEM 8+ test cartridges (Abaxis,
Union City, CA, USA). This blood analyzer gives accurate
measurements of biochemical blood parameters and has
been extensively tested in wild vertebrates (e.g. [60–62];
reviewed in [42]). The CHEM 8+ test cartridge gives esti-
mates of sodium (Na), potassium (K), chloride (Cl), ionized
calcium (iCa), total carbon dioxide (TCO2), glucose (Glu),
urea nitrogen (BUN), creatinine (Crea), and hematocrit
(Hct), and calculates the concentration of anion gap
(AnGap) and hemoglobin (Hgb), parameters linked to
Table 2 Levels of physiological blood parameters, and effects of environmental radiation category on adult breeding Eastern tree
frog (Hyla orientalis) males collected in areas of medium-high radiation (CEZ-High, n = 35), and low radiation (CEZ-Low, n = 30)
within the Chernobyl Exclusion Zone, and areas outside the Chernobyl Exclusion Zone (Outside CEZ, n = 14). Blood parameters were:
sodium (Na), potassium (K), chloride (Cl), ionized calcium (iCa), total carbon dioxide (TCO2) and anion gap (AnGap), all in mmol/L;
and glucose (Glu), and urea nitrogen (BUN), both in mg/dL. Physiological values are presented as least square means ± SE, including
the range of values, and sample size for each category
Physiological blood levels P-value
CEZ-High CEZ-Low Outside CEZ
Na 111.0 ± 1.1 (117–104; N = 35) 110.0 ± 1.1 (117–101; N = 30) 108.0 ± 1.4 (115–101; N = 13) 0.278
K 4.6 ± 0.3 (7.7–2.3; N = 34) 3.9 ± 0.3 (6.2–2.5; N = 30) 4.1 ± 0.4 (5.3–3.4; N = 13) 0.134
Cl 74.5 ± 2.4 (86–65; N = 32) 72.4 ± 2.5 (79–66; N = 26) 73.9 ± 3.1 (82–69; N = 12) 0.750
iCa 0.8 ± 0.1 (0.98–0.53; N = 32) 0.8 ± 0.1 (1.05–0.44; N = 30) 0.8 ± 0.1 (0.95–0.55; N = 14) 0.917
TCO2 21.0 ± 1.7 (33–14; N = 34) 23.0 ± 1.7 (33–17; N = 30) 18.7 ± 2.1 (23–16; N = 14) 0.190
Glu 64.2 ± 7.0 (132–22; N = 32) 43.8 ± 7.4 (83–21; N = 26) 52.5 ± 9.0 (97–28; N = 14) 0.066
BUN 44.5 ± 4.1 (71–23; N = 35) 49.9 ± 4.2 (90–27; N = 30) 52.4 ± 5.4 (70–39; N = 13) 0.356
AnGap 21.1 ± 0.8 (26–16; N = 31) 20.8 ± 0.8 (26–13; N = 26) 21.5 ± 1.0 (26–17; N = 12) 0.904
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homeostasis maintenance and health in amphibians [35, 43,
44]. Sodium, potassium, chloride, and ionized calcium are
essential for electrolyte and fluid balance; glucose is the
principal energy source in animals; urea is an indicator of
liver function; and anion gap represents the balance be-
tween cations and anions in blood [42, 50, 51]. All car-
tridges were stored at 4 °C until use and assayed at room
temperature to avoid any temperature effect on the mea-
surements (e.g. [63]).
Once morphometric measurements were recorded, we
euthanized frogs by pithing without decapitation [64], and
collected blood on 100 μL heparinized capillary tubes. We
quickly filled the CHEM 8+ cartridge with ca. 95 μL of
blood and ran the tests. For some individuals we were not
able to collect the required amount of blood, whereas in
other cases the portable point-of-care device reported
error messages, mostly caused by the presence of air bub-
bles in the sample. We discarded two parameters,
Fig. 2 Levels of physiological blood parameters of adult males of the Eastern tree frog (Hyla orientalis) collected in areas of medium-high
radiation (CEZ-High), and low radiation (CEZ-low) within the Chernobyl Exclusion Zone, and areas outside the Chernobyl Exclusion Zone (Outside
CEZ). See text for parameter codes. Box plots represent the interval between first and third quartiles, black lines depict the median value, bars
represent minimum and maximum values within 1.5 times interquartile range
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creatinine and hematocrit, because the estimated concen-
tration was below the detectable limit of the blood
analyzer in many individuals (56.96 and 36.7% of creatin-
ine and hematocrit measurements, respectively). Since i-
STAT analyzer calculates hemoglobin concentration from
hematocrit values, we also discarded hemoglobin from
further analyses. Overall, we used in our analyses eight
physiological blood parameters measured in 79 frogs: 35
from locations with medium-high radiation levels within
Chernobyl Exclusion Zone (CEZ-high), 30 from locations
in low radiation areas within the Exclusion Zone (CEZ-
low), and 14 from locations outside Chernobyl (Outside
CEZ; Fig. 3). In order to estimate intra-sample variation
and technical replicability, we ran ca. 15% of samples in
duplicate (n = 11), using two different cartridges per indi-
vidual. The coefficients of variation for these duplicated
samples were: sodium (0.64%), potassium (11.41%), chlor-
ide (2.18%), ionized calcium (6.81%), total carbon dioxide
(2.81%), glucose (10.41%), urea nitrogen (6.32%), and
anion gap (11.91%).
Since there is no precise information on baseline levels
for these parameters in Hyla orientalis, we used the
levels of individuals from locations outside the Exclusion
Zone (Outside CEZ) as reference values.
Radiological evaluation
We estimated ambient dose rate using a MKS-AT6130
radiometer placed at 5 cm above the surface of the pond
shoreline (5 measurements per pond, see [65] for de-
tails). The method used to estimate total individual dose
rates absorbed by each frog during the breeding period
(in μGy/h) is described in detail in [32] with the few
minor modifications described below. We estimated soil
activities (in Bq/Kg) for 137Cs and 90Sr (the dominant ra-
dionuclides in Chernobyl [66];) in the studied locations
using a spatial database derived from the integration of
the airborne gamma survey with results of soil sampling
in earlier 1990s ( [65] for details). Water activities (in
Bq/L) were calculated using soil activities data and dis-
tribution coefficients estimated for the Glubokoye lake
Fig. 3 Map showing the studied Eastern tree frog (Hyla orientalis) locations. The abbreviations refer to the location name. Azbuchin (AZ), Vershina
(VE), Dolzhikovo (DO), located in high radiation areas within the Chernobyl Exclusion Zone; Zalesie (ZA), Lubianka (LU), and Glinka (GL), located in
low radiation areas within the Chernobyl Exclusion Zone; and Smolin (SM) and Nedanchichy (NE), located outside Chernobyl (see Table S1 for
details). The underlying 137Cs soil data (decay corrected to spring 2018) is derived from the Atlas of Radioactive Contamination of Ukraine
(Intelligence Systems GEO, 2011)
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in Chernobyl [67]. We measured radionuclide activity
concentrations at the Chornobyl Center for Nuclear
Safety, Radioactive Waste and Radioecology laboratories
using beta spectrometry in femur bones for 90Sr (β-spec-
trometer EXPRESS-01), and gamma spectrometry in leg
muscle for 137Cs (Canberra-Packard gamma-spectrometer
with high-purity germanium detector GC 3019; see [65]
for details). We estimated the total activity in 90Sr and
137Cs for each frog, by integrating the radionuclide mea-
surements with the body mass value of each individual
and considering the relative mass of bones (10%) and
muscles (69%). Briefly, in order to estimate total individual
dose rates, we combined radionuclide activity concentra-
tions in frogs, in soil, in water, and dose coefficients (in
μGy/h per Bq per unit of mass). Dose coefficients for H.
orientalis were calculated for internal exposure, and for
external exposure considering a single scenario that inte-
grates four ecologically situations that are experienced by
tree frogs across a whole breeding season [32, 65] using
EDEN v3 IRSN software [68]. For each frog, the total indi-
vidual dose rate was therefore calculated by summing in-
ternal and external dose rates.
Statistical analyses
We ran all statistical analyses in R, version 3.6.1 (R
Development Core Team). We checked for parametric
assumptions by running Kolmogorov-Smirnov tests for
normality data assessments (lillie.test function, included in
the package nortest, version 1.0–2) and Breusch-Pagan
tests for homoscedasticity data assessments (bptest func-
tion, included in the lmtest package, version 0.9–35). Data
of all blood parameters and total dose rate (once added
0.1 unit to each value) were log-transformed to meet para-
metric assumptions. To check for the effect of individual
dose rate on blood parameters in frogs inhabiting the
Chernobyl Exclusion Zone, we conducted linear mixed
models including each blood parameter as dependent vari-
able, total individual absorbed dose rate as predictor vari-
able, body condition index as covariate, and location as
random factor (package lme4, version 1.1–23; Supplemen-
tary Material). Body condition was estimated as the resid-
uals obtained from the linear regression between mass
and length [69]. We also investigated the effect of environ-
mental radiation category (i.e. Chernobyl Exclusion Zone
or Outside Chernobyl) on the blood physiology of frogs, by
running linear mixed models including each blood param-
eter as dependent variable, environmental radiation cat-
egory as independent variable, body condition index as
covariate, and sampling location as random factor (pack-
age lme4, version 1.1–23). From each linear mixed model,
estimated marginal means were calculated using the func-
tion emmeans (version 1.5.3). Data were plotted using the
package ggplot2 (version 3.3.0).
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ation (CEZ-High), and low radiation (CEZ-low) within the Chernobyl Exclu-
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Acknowledgements
We are thankful to Yevgenii Gulyaichenko for his invaluable help in the field,
and to the staff of the Chornobyl Center for Nuclear Safety, Radioactive
Waste and Radioecology (Slavutych, Ukraine) for their help with field
research and radiological examination.
Authors’ contributions
PB and GO conceived and designed the study; PB, JMB, SG and GO carried
out the field and laboratory work; SG performed isotope concentration
analyses; JMB, CC and KBS performed dose rate calculations; PB analysed the
data; PB and GO wrote the manuscript. The authors read and approved the
final manuscript.
Funding
This work was supported by projects from the Swedish Radiation Protection
Agency-SSM (SSM2018–2038) and Carl Tryggers Foundation (CT 16:344) to
GO, Uppsala University Zoological Foundation, Helga Ax:son Johnsons
Stiftelse, and Spanish Association of Terrestrial Ecology to PB, and the French
Institute for Radiological Protection and Nuclear Safety-IRSN to JMB. PB was
supported by a Carl Tryggers Foundation scholarship (CT 16:344) and by a
Marie Sklodowska-Curie fellowship (METAGE-797879). JMB and KBS were
financially supported by IRSN, and CC benefited from an IRSN doctoral
fellowship. GO was supported by the Spanish Ministry of Science, Innovation
and Universities (Ramón y Cajal Program, RYC-2016-20656). Open Access
funding provided by Uppsala University.
Availability of data and materials
The datasets generated and/or analyzed during the current study are
available in the Figshare repository https://doi.org/10.6084/m9.figshare.
14605665.
Declarations
Ethics approval and consent to participate
Frog collection and all experimental procedures were conducted according
to Ukrainian laws and were conducted under permit No.517/21.04.2016 of




The authors declare that they have no competing interests.
Author details
1Institute of Biodiversity, Animal Health and Comparative Medicine, College
of Medical, Veterinary and Life Sciences, University of Glasgow, G12 8QQ,
Glasgow, UK. 2Animal Ecology, Department of Ecology and Genetics,
Evolutionary Biology Centre, Uppsala University, 75236 Uppsala, Sweden.
3Institut de Radioprotection et de Sûreté Nucléaire (IRSN), PSE-ENV/SRTE/
LECO, Cadarache, 13115 Saint Paul Lez Durance, France. 4Chornobyl Center
for Nuclear Safety, Radioactive Waste and Radioecology, Slavutych 07100,
Ukraine. 5IMIB-Biodiversity Research Institute (Univ. Oviedo-CSIC-Princip.
Asturias), University of Oviedo, 33600 Mieres, Asturias, Spain. 6Zoology Unit,
Department of Biology of Organisms and Systems, University of Oviedo,
33071 Oviedo, Asturias, Spain.
Burraco et al. Frontiers in Zoology           (2021) 18:33 Page 8 of 10
Received: 31 March 2021 Accepted: 30 May 2021
References
1. O’Bryan CJ, Allan JR, Holden M, Sanderson C, Venter O, Di Marco M, et al.
Intense human pressure is widespread across terrestrial vertebrate ranges.
Global Ecol Conserv. 2020;21:e00882. https://doi.org/10.1016/j.gecco.2019.
e00882.
2. Brady SP, Monosson E, Matson CW, Bickham JW. Evolutionary toxicology:
toward a unified understanding of life’s response to toxic chemicals. Evol
Appl. 2017;10(8):745–51. https://doi.org/10.1111/eva.12519.
3. Pandey SD, Misra V, Viswanathan PN. Effect of environmental pollutants on
wildlife - a survey. Int J Environ Stud. 1986;28(2-3):169–77. https://doi.org/1
0.1080/00207238608710321.
4. Newman MC. Fundamentals of ecotoxicology: the science of pollution. CRC
Press; 2019. https://doi.org/10.1201/9781351133999.
5. Wikelski M, Cooke SJ. Conservation physiology. Trends Ecol Evol. 2006;21(1):
38–46. https://doi.org/10.1016/j.tree.2005.10.018.
6. Sohrabi M. World high background natural radiation areas: need to protect
public from radiation exposure. Radiat Meas. 2013;50:166–71. https://doi.
org/10.1016/j.radmeas.2012.03.011.
7. Sazykina T, Kryshev II. Radiation effects in wild terrestrial vertebrates–the
EPIC collection. J Environ Radioact. 2006;88(1):11–48. https://doi.org/10.1016/
j.jenvrad.2005.12.009.
8. Møller AP, Mousseau TA. Biological consequences of Chernobyl: 20 years
on. Trends Ecol Evol. 2006;21(4):200–7. https://doi.org/10.1016/j.tree.2006.01.
008.
9. Hinton TG, Alexakhin R, Balonov M, Gentner N, Hendry J, Prister B, et al.
Radiation-induced effects on plants and animals: findings of the United
Nations Chernobyl forum. Health Phys. 2007;93(5):427–40. https://doi.org/1
0.1097/01.HP.0000281179.03443.2e.
10. Azzam EI, Jay-Gerin JP, Pain D. Ionizing radiation-induced metabolic
oxidative stress and prolonged cell injury. Cancer Lett. 2012;327(1-2):48–60.
https://doi.org/10.1016/j.canlet.2011.12.012.
11. Einor D, Bonisoli-Alquati A, Costantini D, Mousseau TA, Møller AP. Ionizing
radiation, antioxidant response and oxidative damage: a meta-analysis. Sci
Total Environ. 2016;548–549:463–71.
12. Møller AP, Mousseau TA. Are organisms adapting to ionizing radiation at
Chernobyl? Trends Ecol Evol. 2016;31(4):281–9. https://doi.org/10.1016/j.
tree.2016.01.005.
13. Beresford NA, Barnett CL, Gashchak S, Maksimenko A, Guliaichenko E, Wood
MD, et al. Radionuclide transfer to wildlife at a ‘reference site’ in the
Chernobyl exclusion zone and resultant radiation exposures. J Environ
Radioact. 2020a;211:105661. https://doi.org/10.1016/j.jenvrad.2018.02.007.
14. Yablokov AV, Nesterenko VB, Nesterenko AV, Sherman-Nevinger JD.
Chernobyl: consequences of the catastrophe for people and the
environment: Wiley; 2010.
15. Beresford N, Horemans N, Copplestone D, Raines KE, Orizaola G, Wood MD,
et al. Towards solving a scientific controversy – the effects of ionising
radiation on the environment. J Environ Radioact. 2020b;211:106033. https://
doi.org/10.1016/j.jenvrad.2019.106033.
16. Geras’kin SA, Fesenko SV, Alexakhin RM. Effects of non-human species
irradiation after the Chernobyl NPP accident. Environ Int. 2008;34(6):880–97.
https://doi.org/10.1016/j.envint.2007.12.012.
17. Plausinaitis D, Prokopchik A, Karaliunas A, Bohdan L, Balashevska Y. Erbium
concentration anomaly as an indicator of nuclear activity: focus on natural
waters in the Chernobyl exclusion zone. Sci Total Environ. 2018;621:1626–
32. https://doi.org/10.1016/j.scitotenv.2017.10.066.
18. Deryabina TG, Kuchmel SV, Nagorskaya LL, Hinton TG, Beasley JC, Lerebours
A. Smith JT long-term census data reveal abundant wildlife populations at
Chernobyl. Curr Biol. 2015;25(19):R824–6. https://doi.org/10.1016/j.cub.2015.
08.017.
19. Gashchak S, Gulyaichenko Y, Beresford NA, Wood MD. Brown bear (Ursus
arctos L.) in the Chornobyl exclusion zone. Proc Theriological School. 2016;
14:71–84.
20. Gashchak S, Gulyaichenko Y, Beresford NA, Wood MD. European Bison
(Bison bonus) in the Chornobyl exclusion zone (Ukraine) and prospects for
its revival. Proc Theriological School. 2017;15:58–66.
21. Kovalchuk I, Abramov V, Pogribny I, Kovalchuk O. Molecular aspects of plant
adaptation to life in the Chernobyl zone. Plant Physiol. 2004;135(1):357–63.
https://doi.org/10.1104/pp.104.040477.
22. Galván I, Bonisoli-Alquati A, Jenkinson S, Ghanem G, Wakamatsu K,
Mousseau TA, et al. Chronic exposure to low-dose radiation at Chernobyl
favours adaptation to oxidative stress in birds. Funct Ecol. 2014;28(6):1387–
403. https://doi.org/10.1111/1365-2435.12283.
23. Møller AP, Mousseau TA. Reduced abundance of insects and spiders linked
to radiation at Chernobyl 20 years after the accident. Biol Lett. 2009;5(3):
356–9. https://doi.org/10.1098/rsbl.2008.0778.
24. Møller AP, Mousseau TA. Species richness and abundance of forest birds in
relation to radiation at Chernobyl. Biol Lett. 2007;3(5):483–6. https://doi.
org/10.1098/rsbl.2007.0226.
25. Galván I, Mousseau TA, Møller AP. Bird population declines due to radiation
exposure at Chernobyl are stronger in species with pheomelanin-based
coloration. Oecologia. 2011;165(4):827–35. https://doi.org/10.1007/s00442-01
0-1860-5.
26. Ryabokon NI, Goncharova RI. Transgenerational accumulation of radiation
damage in small mammals chronically exposed to Chernobyl fallout. Radiat
Environ Biophys. 2006;45(3):167–77. https://doi.org/10.1007/s00411-006-
0054-3.
27. Bonisoli-Alquati A, Mousseau TA, Møller AP, Caprioli M, Saino N. Increased
oxidative stress in barn swallows from the Chernobyl region. Comp
Biochem Physiol A. 2010a;155(2):205–10. https://doi.org/10.1016/j.cbpa.2
009.10.041.
28. Bonisoli-Alquati A, Voris A, Mousseau TA, Møller AP, Saino N, Wyatt MD.
DNA damage in barn swallows (Hirundo rustica) from the Chernobyl region
detected by use of the comet assay. Comp Biochem Physiol C. 2010b;151:
271–7.
29. Bonisoli-Alquati A, Ostermiller S, Beasley DAE, Welch SM, Møller AP,
Mousseau TA. Faster development covaries with higher DNA damage in
grasshoppers (Chorthippus albomarginatus) from Chernobyl. Physiol
Biochem Zool. 2018;91:696005.
30. Cayuela H, Valenzuela-Sánchez A, Teulier L, Martínez-Solano I, Léna JP,
Merilä J, et al. Determinants and consequences of dispersal in vertebrates
with complex life cycles: a review of pond-breeding amphibians. Q Rev Biol.
2020;95(1):1–36. https://doi.org/10.1086/707862.
31. Orizaola G. Amphibians in field radioecology: a review and perspective. In:
Wood MD, Mothersill CE, Tsakanova G, Cresswell T, Woloschak GE, editors.
Biomarkers of radiation in the environment - Robust tools for risk
assessment. NATO Science for Peace and Security Series A: Chemistry and
Biology. Springer; 2021.
32. Giraudeau M, Bonzom JM, Ducatez S, Beaugelin-Seiller K, Deviche P,
Lengagne T, et al. Carotenoid distribution in wild Japanese tree frogs (Hyla
japonica) exposed to ionizing radiation in Fukushima. Sci Rep. 2018;8(1):
7438. https://doi.org/10.1038/s41598-018-25495-5.
33. Gombeau K, Bonzom JM, Cavalié I, Camilleri V, Orjollet D, Dubourg N, et al. Dose-
dependent genomic DNA hypermethylation and mitochondrial DNA damage in
Japanese tree frogs sampled in the Fukushima Daiichi area. J Environ Radioact.
2020;225:106429. https://doi.org/10.1016/j.jenvrad.2020.106429.
34. LeFever KJ, Paulanka BJ, Polek C. Fluids and electrolytes with clinical
applications: Cengage Learning Pub; 2008.
35. Voyles J, Berger L, Young S, Speare R, Webb R, Warner J, et al. Electrolyte
depletion and osmotic imbalance in amphibians with chytridiomycosis. Dis
Aquat Org. 2007;77(2):113–8. https://doi.org/10.3354/dao01838.
36. Cryan PM, Uphoff Meteyer C, Blehert DS, Lorch JM, Reeder DM, Turner GG,
et al. Electrolyte depletion in white-nose syndrome bats. J Wildl Dis. 2013;
49(2):398–402. https://doi.org/10.7589/2012-04-121.
37. Thrall MA, Weiser G, Allison R, Campbell TW. Veterinary hematology and
clinical chemistry. Oxford: Wiley-Blackwell; 2012.
38. Grodzenskii DÉ, Ivanenko TI. The effect of ionizing radiation on electrolyte
metabolism in rats. Bull Exp Biol Med. 1961;51(6):697–9. https://doi.org/10.1
007/BF00833894.
39. Pento JT, Kenny AD. The influence of whole-body irradiation on calcium
and phosphate homeostasis in the rat. Radiat Res. 1975;63(3):468–73.
https://doi.org/10.2307/3574098.
40. Costa DP. Sinervo. Field physiology: physiological insights from animals in
nature. Annu Rev Physiol. 2004;66(1):209–38. https://doi.org/10.1146/a
nnurev.physiol.66.032102.114245.
41. Harter TS, Shartau RB, Brauner CJ, Farrell AP. Validation of the i-STAT system
for the analysis of blood parameters in fish. Conserv Physiol. 2014;2:cou037.
42. Stoot LJ, Cairns NA, Cull F, Taylor JJ, Jeffrey JD, Morin F, et al. Use of
portable blood physiology point-of-care devices for basic and applied
research on vertebrates: a review. Conserv Physiol. 2014;2:cou011.
Burraco et al. Frontiers in Zoology           (2021) 18:33 Page 9 of 10
43. Hilman S, Withers P, Drewes R, Hillyard S. Ecological and environmental
physiology of amphibians: Oxford Univ Press; 2009.
44. Campbell CR, Voyles J, Cook DI, Dinudom A. Frog skin epithelium:
electrolyte transport and chytridiomycosis. Int J Biochem Cell Biol. 2012;
44(3):431–4. https://doi.org/10.1016/j.biocel.2011.12.002.
45. Stark K, Gómez-Ros JM, Vives i Batlle J, Lindbo Hansen E, Beaugelin-Seiller K,
Kapustka LA, et al. Dose assessment in environmental radiological
protection: state of the art and perspectives. J Environ Radioact. 2017;175–
176:105–14.
46. Williams D. Cancer after nuclear fallout: lessons from the Chernobyl
accident. Nat Rev Cancer. 2002;2(7):543–9. https://doi.org/10.1038/nrc845.
47. Worgul BV, Kundiyev YI, Sergiyenko NM, Chumak VV, Vitte PM, Medvedovsky
C, et al. Cataracts among Chernobyl clean-up workers: implications
regarding permissible eye exposures. Radiat Res. 2007;167(2):233–43. https://
doi.org/10.1667/RR0298.1.
48. Kamiya K, Ozasa K, Akiba S, Niwa O, Kodama K, Takamura N, et al. Long-
term effects of radiation exposure on health. Lancet. 2015;386(9992):469–78.
https://doi.org/10.1016/S0140-6736(15)61167-9.
49. Kryshev II, Sazykina TG, Beresford NA. Effects on wildlife. In: Chernobyl:
catastrophe and consequences. Berlin: Springer; 2005. p. 267–87. https://doi.
org/10.1007/3-540-28079-0_8.
50. Senior KR. Blood: physiology and circulation: Rosen Publishing Group; 2010.
51. Lewis JH. Comparative hemostasis in vertebrates: Springer; 2013.
52. Voyles J, Vredenburg VT, Tunstall TS, Parker JM, Briggs CJ, Rosenblum EB.
Pathophysiology in mountain yellow-legged frogs (Rana muscosa) during a
chytridiomycosis outbreak. PLoS One. 2012;7(4):e35374. https://doi.org/10.13
71/journal.pone.0035374.
53. Park J-K, Do Y. Physiological response of Pelophylax nigromaculatus
adults to salinity exposure. Animals. 2020;10(9):1698. https://doi.org/1
0.3390/ani10091698.
54. Intelligence Systems GEO. Atlas of radioactive contamination of Ukraine.
Ukraine: Ministry of Emergencies and Affairs of Population Protection from
the Consequences of Chernobyl Catastrophe; 2011.
55. ICRP. Environmental protection: the concept and use of reference animals
and plants: International Commission on Radiological Protection 108. Ann
ICRP 38; 2008.
56. Raines KE, Whitehorn PR, Copplestone D, Tinsley MC. Chernobyl-level
radiation exposure damages bumblebee reproduction: a laboratory
experiment. Proc R Soc B. 2020;287(1937):20201638. https://doi.org/10.1098/
rspb.2020.1638.
57. Hagger JA, Atienzar FA, Jha AN. Genotoxic, cytotoxic, developmental and
survival effects of tritiated water in the early life stages of the marine
mollusc, Mytilus edulis. Aquat Toxicol. 2005;74(3):205–17. https://doi.org/10.1
016/j.aquatox.2005.05.013.
58. Kadhim M, Salomaa S, Wright E, Hildebrandt G, Belyakov OV, Prise KM, et al.
Non-targeted effects of ionising radiation - implications for low dose risk.
Mutat Res. 2013;752(2):84–98. https://doi.org/10.1016/j.mrrev.2012.12.001.
59. Dufresnes C, Litvinchuk SN, Leuenberger J, Ghali K, Zinenko O, Stöck M,
et al. Evolutionary melting pots: a biodiversity hotspot shaped by ring
diversifications around the Black Sea in the eastern tree frog (Hyla orientalis).
Mol Ecol. 2016;25(17):4285–300. https://doi.org/10.1111/mec.13706.
60. Muñoz-Pérez JP, Lewbart GA, Hirschfeld M, Alarcón-Ruales D, Denkinger J,
Castañeda JG, et al. Blood gases, biochemistry and haematology of
Galápagos hawksbill turtles (Eretmochelys imbricata). Conserv Physiol. 2017;5:
cox028.
61. Bouyoucos IA, Talwar BS, Brooks EJ, Brownscombe JW, Cooke SJ, Suski CD.
Mandelman, JW. Exercise intensity while hooked is associated with
physiological status of longline-captured sharks. Conserv Physiol. 2018;6:
coy074.
62. Valle CA, Ulloa C, Deresienski D, Regalado C, Muñoz-Pérez JP, Garcia J, et al.
Health status of great frigatebirds (Fregata minor) determined by
haematology, biochemistry, blood gases, and physical examination. Conserv
Physiol. 2018;6:coy034.
63. Xia J, Li X. Effect of temperature on blood parameters of the salamander
Batrachupems tibetanus (Schmidt, 1925) (Amphibia: Hynobiidae). Russ J Ecol.
2010;41(1):102–6. https://doi.org/10.1134/S1067413610010194.
64. AVMA. Guidelines for the euthanasia of animals: 2020 Edition. Schaumburg:
American Veterinary Medical Association; 2020.
65. Burraco P, Clement C, Bonzom JM, Orizaola G. Assessment of exposure
to ionizing radiation in Chernobyl tree frogs (Hyla orientalis). Biorxiv.
2021;2021:1.
66. Beresford NA, Barnett CL, Brown JE, Cheng J-J, Copplestone D, Gaschak S,
et al. Predicting the radiation exposure of terrestrial wildlife in the
Chernobyl exclusion zone: an international comparison of approaches. J
Radiol Prot. 2010;30(2):341–73. https://doi.org/10.1088/0952-4746/30/2/S07.
67. Matsunaga T, Ueno T, Amano H, Tkatchenko Y, Kovalyov A, Watanabe M,
et al. Characteristics of Chernobyl-derived radionuclides in particulate form
in surface waters in the exclusion zone around the Chernobyl nuclear
power plant. J Contam Hydrol. 1998;35(1-3):101–13. https://doi.org/10.1016/
S0169-7722(98)00119-3.
68. Beaugelin-Seiller K, Jasserand F, Garnier-Laplace J, Gariel J-C. Modeling
radiological dose in non-human species: principles, computerization, and
application. Health Phys. 2006;90(5):485–93. https://doi.org/10.1097/01.HP.
0000182192.91169.ed.
69. Green AJ. Mass/length residuals: measures of body condition or generators
of spurious results? Ecology. 2001;82(5):1473–83. https://doi.org/10.1890/
0012-9658(2001)082[1473:MLRMOB]2.0.CO;2.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Burraco et al. Frontiers in Zoology           (2021) 18:33 Page 10 of 10
